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Abstract: Aerosols, including mineral dust, are transported from China and Mongpolia to Japan,
particularly in spring. It has been recognized that calcium (Ca) carbonate is the main Ca species in
aerosols, which reacts with acidic species such as sulfuric and nitric acids at the surface of mineral dust
during its long-range transport, related to mitigation of acid depositions. The similar assumption that
magnesium (Mg) originally takes the form of carbonate and contributes to the neutralization reaction
and buffering effect on the acidity of aerosols has been suggested in various studies. However, few
studies have confirmed this process by measuring actual Mg species in aerosols quantitatively. In
this study, X-ray absorption near-edge structure (XANES) spectroscopy was employed to determine
Mg species in size-fractionated aerosol samples, including mineral dust. The results showed that
(i) most Mg in the mineral dust did not take the form of carbonate and its reacted species (e.g., sulfate
and nitrate) produced by the neutralization reaction, but (ii) Mg was mainly found as Mg in the
octahedral layer in phyllosilicates. Given that the reactivity of such Mg in phyllosilicates is much
lower than those in carbonate minerals, the contribution of Mg to the neutralization reactions in the
atmosphere must be lower than previously expected.
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1. Introduction

Calcium carbonate is the most common Ca species in aerosols or mineral dust (coarse
particle-size fraction in aerosols usually over 1 um) [1,2]. This mineral is an important
component in aerosols because it is reactive with acidic species such as sulfuric acid, nitric
acid, and organic acids in the atmosphere [3-5]. As a result, Ca in aerosols can mitigate
acid deposition through the neutralization of acidic species, which produces Ca nitrate, Ca
sulfate, and Ca oxalate in aerosols [2,6,7]. Meanwhile, many studies have assumed that
most Mg in the atmosphere is present as Mg carbonate (e.g., dolomite and magnesite) in
aerosols [5,8], which can also react with acidic species. The amount of Mg species in aerosol
have been indirectly estimated using the charge balances of soluble cations and anions and
the water solubilities of various salts [5]. From another aspect, carbonate minerals can be
buffers to control the acidity of aerosols, which in turn regulates the solubility of Fe, an
important component in aerosols related to ocean productivity [9,10]. In such studies, the
presence of Mg carbonate has been also assumed (e.g., Myriokefalitakis et al. [11]).

However, Mg can also form primary minerals (e.g., silicates) and phyllosilicates (e.g.,
clay minerals such as montmorillonite and chlorite [12]), the latter of which can be a main
component of mineral dust because of their high abundance at earth’s surface and small
particle sizes [13-15]. However, to the best of our knowledge, quantitative determination
of various Mg species in aerosols has yet to be conducted.
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In the present study, we employed X-ray absorption near-edge structure (XANES)
at Mg K-edge for the speciation of Mg in aerosols. XANES spectroscopy has been used
for the speciation of various elements in aerosols such as Ca, sulfur (S), iron (Fe), and
lead (Pb) [1,2,16-18], suggesting that the method is a useful tool for the speciation of
various elements in aerosols, especially because the amount of aerosol samples recovered
is generally lower than that needed for X-ray diffraction. However, XANES studies for
the speciation of Mg in aerosols remain lacking because the X-ray energy at Mg K-edge
(=1.303 keV) is located in the soft X-ray energy region, where XANES is less frequently
applied compared with those in the hard X-ray region. Thus, this study employs Mg
K-edge XANES as a direct speciation method for Mg in aerosols, and the result will be
compared with those obtained for Ca in the same aerosol samples.

2. Materials and Methods

Aerosol samples employed in this study were collected on a cellulose aerosol filter (TE-
230WH, Tisch Environmental Inc., OH, USA) by using a high-volume air sampler (Kimoto,
MODEL-123SL, Osaka, Japan) with a cascade impactor (Series 230, Tisch Environmental
Inc.) on the roof of a building in Higashi-Hiroshima City (latitude, 34.40° N; longitude,
132.71° E; height, approximately 10 m above the ground) from 8 to 20 April, 2012. Backward
trajectory analysis was performed using the hybrid single-particle Lagrangian-integrated
trajectory (HYSPLIT) model to identify the source of each sample [19]. The aerosols were
separated into seven size fractions using the cascade impactor (Stage 1, >10.2 um; Stage
2, 4.2-10.2 um; Stage 3, 2.1-4.2 pm; Stage 4, 1.3-2.1 um; Stage 5, 0.69-1.3 um; Stage 6,
0.39-0.69 um; Stage 7 backup filter [BF], <0.39 pm). Details of the samples were described
in our previous studies [7,20].

Chemical analysis was conducted for total and water-soluble fractions of various
elements. Water-soluble major ions (Na*, NH;*, K*, Mgz*, Ca?*, Cl~,NO;~, and SO42")
were analyzed using ion chromatography. Approximately 40 mg of the filter was soaked
in 5 mL of Milli-Q water with ultrasonic treatment for 30 min. Each sample solution
was filtered through a 0.20 um PTEFE filter (DISMIC-25HP, ADVANTEC, Tokyo, Japan)
and analyzed by ion chromatography (IC7000, Yokogawa, Tokyo, Japan). Shima-pack
IC-SA1/-SA1(G) columns were used, and the eluent composition was 14 mM NaHCOs3
at a flow rate of 1.0 mL/min. Acid digestion was also conducted to investigate the total
concentrations of aluminum (Al), Mg, Ca, zinc (Zn), and Pb by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES; SII Nano Technology, Inc., SP3500, Chiba, Japan)
or inductively coupled plasma-mass spectrometry (Agilent 7700, Tokyo, Japan). Total
decomposition of the samples was conducted by mixed acid digestions as reported in the
study by Kurisu et al. [20].

XANES spectra at Mg K-edge were obtained at BL-10 of the Synchrotron Radiation
Center, Ritsumeikan University (Shiga, Japan). Some of the spectra were also obtained at
BL27XU in SPring-8 (Hyogo, Japan), which showed the spectra identical to those recorded
at Ritsumeikan University. In BL-10, incident X-ray at a certain energy was obtained using a
double-crystal monochromator of Beryl (10-10). X-ray energy was calibrated by defining the
XANES peak of MgO as 1309.27 eV. XANES spectra for reference materials were recorded
in total electron yield mode, whereas those for the aerosol samples were in fluorescence
mode, using a silicon drift detector. A small piece of the cellulose filter (size: ca. 3 x 3 mm?)
with aerosol samples was loaded on an aluminum sample holder, which was exposed to
the incident beam that had a similar size to the sample. For comparison, Ca speciation
was also conducted by Ca K-edge XANES measured at BL-9A at the Photon Factory
(Tsukuba, Japan). Details of the Ca K-edge XANES were identical to those reported in our
previous studies [1,7]. Linear combination fitting (LCF) of each spectrum by endmembers
of possible Mg or Ca species and principal component analysis (PCA) to obtain the number
of endmembers needed for the LCF were conducted using Athena software [21]. The
number of parameters needed to explain all the spectra of Mg and Ca spectra estimated by
PCA were 4 and 5, respectively.
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3. Results
3.1. Concentrations of Various Elements in the Aerosol Samples

The results of the 72 h backward trajectory analysis by HYSPLIT (Figure 1) sug-
gested that the samples collected in Higashi-Hiroshima employed in this study were trans-
ported from northeast China and Mongolia to Japan, generally observed in spring in East
Asia [2,4]. Concentrations of major elements, Zn and Pb, in the atmosphere, are shown in
Figure 2. Among them, the concentration of Ca in the coarse fractions (>1.7 um; mineral
dust), often regarded as a tracer of crustal materials, was higher (ca. 20 nmol/ m?3 in each
fraction) compared with those in our observations in other seasons in 2012 (<5 nmol/m?
reported in Miyamoto et al. [7]). This result supported that the mineral dust was trans-
ported from the continent to Japan. The size distribution of Mg shows that most of the Mg
was found in fractions larger than 1.7 um, which is similar to that of Ca, suggesting that
Mg is also of crustal origin. For Mg, however, the contribution of sea salt particles cannot
be ignored. Thus, concentration of non-sea-salt Mg in the atmosphere (=[nss-Mg]) was
determined based on the equation below:

[nss-Mg] = [Mg] — [ss-Na] x ooyg

where og is the Mg to Na molar ratio in bulk seawater [22]. Since crustal Na contribution
relative to sea-salt Na cannot be ignored in particular in the dust period, sea-salt Na
concentration (= [ss-Na]) in this study was determined as shown below:

[ss-Na] = [Na] - [Al] x Bna

where BN, was the Na to Al molar ratio in the average crust [23]. The [nss-Mg] was plotted
in Figure 2b, showing that more than 63% of total Mg was of crustal origin (Figure 2d),
which could be confirmed by enrichment factor (EF).
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Figure 1. Backward trajectories during the sampling period (8 to 20 April, 2012) in Higashi-Hiroshima.

The trajectories started at the height of 1000 m above the sampling site in Higashi-Hiroshima, and
run time was 72 h.
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Figure 2. Atmospheric concentrations of (a) major anions (water extraction), (b) major cations (acid digestion), (c) trace

elements (Zn and Pb; acid digestion), and (d) the ratio of nss-Mg to total Mg.

Ratios of total concentrations of Ca, Mg (nss-Mg), Zn, and Pb relative to Al determined
by acid digestion were normalized to those of crustal materials to obtain EF (Figure 3). The
EF here was defined for an element M, EF(M), as follows:

EF(M) = ([M]sample/[AI]sample)/([M]Crust/[Al]crust) 1)

where [] values denote their molar concentrations. The average concentration in crustal
materials, [X]crust, for the element X, is referred to by Taylor and McLennan [23]. In general,
an EF(M) larger than 10 suggests that M originated from anthropogenic sources, whereas
an EF(M) ranging from 1 to 10 suggests that M originated from natural sources [7,24]. The
EF(Ca) and EF(Mg) were close to unity at any particle sizes (Figure 3), but the EF(Zn) values
were above 10 and 100 in the coarse (>1 um) and fine (<1 um) particle sizes, respectively,
reflecting the dominance of anthropogenic sources of Zn contained in the samples. The
EF(Pb) results exhibited a similar trend to that of Zn. These results showed that Ca and Mg
were of natural origins, whereas Zn and Pb mainly of anthropogenic.



Atmosphere 2021, 12, 586

50f11

1000 T T T T T T T T T T T T
_e_Mng
_o == a2t
100 - %/__’___X T o o=z |
\\\X \<K ——X—-Pb2+
\\\ o _ . .
=10 - X _ i
\X\\\\\ y
g -#
1+ H-— = _
0.1 1 1 Lol 1 1 Lol
0.1 1 10

Particle size (Um)

Figure 3. Enrichment factor (EF) relative to crustal abundances for Mg (nss-Mg), Ca, Zn, and Pb in
the aerosol samples.

3.2. Speciation of Ca by Ca K-Edge XANES

Following our previous studies on aerosols collected in Japan [1,2,7], calcite, gypsum
(Ca(S0y4)-2H,0), Ca chloride (CaCl,-2H,0), Ca nitrate (Ca(NOj3),-4H,0), and Ca oxalate
(CaC,04-2H,0) were considered as possible Ca species that could be contained in aerosols
for the speciation analysis using Ca K-edge XANES (Figure 4a). The spectra were similar
to those reported in other seasons in Higashi-Hiroshima [7], reflecting the presence of
gypsum as a main Ca species. Further quantitative analysis was conducted based on the
fitting of the spectra by the model spectra obtained by the linear combination of the species
above (linear combination fitting, LCF). The results showed that gypsum and calcium
chloride were main Ca species at any particle sizes (Figure 5). This result is consistent with
previous results for Ca species in aerosols in various sites in Japan [1,2,7,25], suggesting
the validity of the present results. In the view that most Ca in aerosols are of crustal
origin, initially present as calcite [1,2,7], the chloride and sulfate formed secondarily as a
result of the reaction of calcite with acidic species (e.g., sulfuric acid) at mineral surfaces.
Calcium chloride can also form through the dissolution of Ca from calcite by reactions
with acids and then finally precipitate as chloride in the aerosols. According to previous
results [1,2,7], these secondary species formed at the calcite surfaces found in the coarser
particles by the neutralization reactions with acidic species. This process is supported by
the fact that a relatively larger amount of calcite remains in the coarser particles (Figure 4b;
circa 30% of Ca species were calcite in the 7.2 and 15 um fractions), possibly because of the
neutralization reactions occurring selectively at the particle surface.
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Figure 4. XANES spectra at Ca K-edge for (a) Ca reference materials and (b) Ca in size-fractionated

aerosol samples. Circles and solid curves in (b) showed measured spectra and spectra obtained by
LCF analysis, respectively.

30
B CaC,0,2H,0

55 Bl Ca(NO,), 4H,0

° T W CaClL-2H,0 7
Bl caco,

20 | @ Cas0,2H,0

15

10

5

024 054 1.00 1.70 3.20 7.20 15.00
Particle diameter (pum)

Figure 5. Speciation of Ca in aerosols determined by XANES analyses.

3.3. Speciation of Mg by Mg K-Edge XANES

The reference materials of Mg species employed for Mg K-edge XANES analysis
(Figure 6) can be divided into five categories: (i) montmorillonite (one type of smectite),
which represents octahedral Mg in the 2:1 phyllosilicate including illite and chlorite; the
three minerals are the main Mg-bearing minerals in desert sand, the loss plateau, and dust
collected in East China [15,24,26]; (ii) carbonate minerals including MgCO3; (magnesite),
CaMg(COs3), (dolomite), and MgCO3-Mg(OH),; (iii) Mg,SiO; (olivine representing oc-
tahedral silicate); (iv) MgO; and (v) Mg salts, such as MgCl,-6H,O, Mg(NO3);-4H,0,
MgCy04-2H;0, and MgSO,4-7H,O. The Mg in the octahedral layer in phyllosilicates
showed three peculiar peaks at 1311, 1316.5, and 1316.5 eV (Figure 6a), which are clearly
different from those of other species. Considering that similar spectra with three peaks were
also observed for other octahedral Mg in phyllosilicates such as illite and chlorite [27,28],
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we treated the montmorillonite spectrum representing Mg in these phyllosilicates. As for
category (v), if we assume neutralization processes as observed for calcium [1,2,5,7,8], the
category (v) species can be produced secondarily in the atmosphere by reactions with acids.
Such processes can be important, especially when Mg is initially present as carbonate in
the aerosols.

T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
MgS0,-7H,0
MgCO,-Mg(OH),
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g c
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Figure 6. Mg K-edge XANES spectra of (a) Mg in natural minerals and (b) Mg in other Mg species.

Using these reference materials, the spectra for Mg in aerosol (Figure 7c) were analyzed
by LCF based on the spectra of the reference materials in Figure 6. In general, the spectra
at any particle size showed the three peaks (or shoulders) specific to octahedral Mg in the
phyllosilicates observed in their XANES spectra. This result indicated that the contributions
of carbonate and the species that formed secondarily in the atmosphere from carbonate
(category (v)) were limited in Mg species in the aerosols. Two examples of the LCF analysis
for the speciation of Mg are given for the Stages 1 and 6 samples (Figure 7a,b), considering
that the Mg in the finer particles was not important relative to the total Mg in the aerosol
samples (<less than 15%). The LCF can reasonably explain the spectra of the aerosol
samples, and the Mg species estimated for various particle sizes are shown in Figure 8. As
suggested above, the LCF results showed that 71% of Mg was present as octahedral Mg
in phyllosilicates, whereas other species, including secondary Mg species (=category (v)
defined above) formed in the atmosphere were less than 29% for the total Mg for all particle
sizes. The presence of octahedral Mg in phyllosilicates indicated by XANES was consistent
with (i) high abundances of illite, chlorite, and montmorillonite (smectite) generally found
in aerosols [13,14] and (ii) mineral composition analysis of dust particles in China [15,26]
and Japan [24].
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Figure 7. Mg K-edge XANES spectra for Mg in aerosol samples: (a) LCF for Mg in (a) Stage 4 and (b)
Stage 3. (c) LCF results for XANES spectra of aerosol particles (circle: measured spectra; solid curve:
fitted spectra).
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Figure 8. Speciation of Mg in aerosols determined by XANES analyses. Concentration of nss-Mg
was also plotted as black circles.
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4. Discussion

In Figure 8, [total Mg], including all the Mg species, were plotted as bars. On the other
hand, [nss-Mg] was indicated as black circles, which were close to the Mg concentration in
Mg-bearing phyllosilicates (=category (i)) for the particle sizes above 1.7 um. This result
clearly showed that [nss-Mg] mainly consisted of Mg-bearing phyllosilicates. This fact
also showed that Mg in the aerosols, other than Mg-bearing phyllosilicates, was mainly
derived from sea-salt Mg. It is well known that cations in mineral particles react with
H,504 and HNOj; in the atmosphere, which results in the formation of Mg-sulfate and
Mg-nitrate [29,30], shown in Figure 8.

In the finer particles (0.54 and 1.00 um), [total Mg] was similar to [nss-Mg], whereas the
concentration of Mg-bearing phyllosilicates was smaller than [nss-Mg]. This discrepancy
suggests that Mg leached from Mg-bearing phyllosilicates forms Mg sulfate through
reaction with HSOj in the atmosphere. In particular, it is known that Mg in the brucite
layer in chlorite is reactive, which can be readily leached into water, as suggested in
experimental studies [31,32] and natural observations [24]. The fact that the reaction is
more active in the finer fractions is consistent with the larger surface area for the finer
aerosol samples [2,24].

Most of the Mg-bearing phyllosilicates found in aerosols are (i) illite (typical chem-
ical formula: (Ko 75)(Mgo.25Fep25Al1 5)(Al35,5i05)010(0OH)2) [28], molar ([Mg]/[Al]) ra-
tio = 0.05), (ii) chlorite (Mg Al(OH)s)(Mg3)(AlSi3)O10(OH),) [28], molar ([Mg]/[Al]) ra-
tio = 2.5), and (iii) montmorillonite ((Nag 35Cag.175)(Mgo.35Al1 67)(5i4)O190(OH)2) [28], molar
([Mg]/[Al]) ratio = 0.21). The EF(Mg) =1 for nss-Mg suggests that the molar [Mg]/[Al]
ratio for the nss-Mg, consisting mainly of Mg-bearing phyllosilicates, is similar to that of
crustal abundance with molar [Mg]/[Al] ratio = 0.31 [23]. This value is within the range
from 0.05 to 2.5 for the Mg-bearing phyllosilicates suggested above, supporting the validity
of the Mg speciation results.

The LCF also suggested the presence of small amounts of dolomite in the coarser
particles, which is also consistent with the presence of CaCOjs in the Ca speciation. The
dolomite can be transported directly from the continent because dolomite can be found in
desert sand, the loss plateau, and dust collected in East China [15,26]. It is also possible that
dolomite can be formed during the evaporation of sea salt droplets in the atmosphere [33].
Thus, it is not easy to distinguish the source of dolomite as a Mg mineral that can neu-
tralize acidic species. It is clear that the contribution of dolomite, or Mg carbonate, to the
neutralization of acidic species can be significantly smaller than that of Ca because most of
the Mg species in the aerosols are Mg-bearing phyllosilicates.

In the Ca speciation analysis, major species were CaCOj and its neutralized products.
As for Mg speciation, however, not much Mg carbonate (dolomite or magnesite) or its
neutralized species were found in the aerosols, but most Mg was mainly present as Mg
in phyllosilicates. These results are different from the common assumption in previous
studies that most of the Mg species in aerosols are present as carbonate species [5,8,11].
Even if we assume that all of the Mg salts such as Mg sulfate and nitrate were neutralized
species formed by the reaction of acidic species and mineral dust, the total amount of
reacted Mg shown in Figure 8 is less than 16% of secondary Ca species. Thus, it must be
noted that the contribution of Mg in aerosols to the neutralization of acidic species and to
buffering the acidity of aerosols is smaller than that assumed in previous studies without
precise speciation of Mg in aerosols.

5. Conclusions

In the present study, we applied Mg K-edge XANES for the first time to identification
of Mg species in aerosol samples, which revealed that more than 70% of Mg in the aerosols
was Mg-bearing phyllosilicates. Since phyllosilicates are much less reactive compared with
carbonate, the role of Mg species in neutralization reactions with acidic species (SO, /H,SO4
and HNO3) and its buffering effect on the acidity of aerosols is not large compared with
Ca, mainly present as carbonate in aerosols.
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